We demonstrate that nanomechanically stamped substrates can be used as templates to pattern and direct the self-assembly of epitaxial quantum structures such as quantum dots. Diamond probe tips are used to indent or stamp the surface of GaAs(100) to create nanoscale volumes of dislocation-mediated deformation, which alter the growth surface strain. These strained sites act to bias nucleation, hence allowing for selective growth of InAs quantum dots. Patterns of quantum dots are observed to form above the underlying nanostamped template. The strain state of the patterned structures is characterized by micro-Raman spectroscopy. The potential of using nanoprobe tips as a quantum dot nanofabrication technology are discussed.
Introduction
The ability to bias the nucleation of quantum structures (quantum dots (QDs), wires, etc) to form uniform and precisely designed patterns on a semiconductor surface is an important challenge as it will enable the realization of novel optical, electronic, and ferroelectric devices with properties and performance that surpass present technologies [1, 2] . Some of these devices include high efficiency quantum dot lasers [3] , multispectrum quantum optoelectronics such as infrared photodetectors and sensors [4, 5] , high density memory storage [6] , and solid state-biological hybrid technologies [7] . Although quantum structures can be synthesized chemically or grown epitaxially, an effective, robust, and low cost fabrication process for precision placement and directed self-assembly of uniform structures has yet to be realized. Epitaxial QDs, such as those grown by molecular beam epitaxy (MBE), are fabricated nonuniformly by self-assembly [8, 9] , resulting in dispersive dot size and spatial distribution. Such dispersion in QD formation is problematic for devices as the electronic energy states and overall functionality of QDs critically depend on the control of their morphology, size, lateral ordering, compositional uniformity, and distribution on a semiconductor surface [10] . Therefore, there exists a tremendous need for the exploration and development of inexpensive and robust techniques for the patterning of or directed self-assembly of QDs.
Directed self-assembly of 3D heteroepitaxial structures is made possible by fabricating energetically favorable surface features; for example, by photolithography of mesa structures [11] [12] [13] and electron or ion beam writing [14, 15] . Although the fabrication of surface features has demonstrated the ability to form QD patterns, these techniques are costly and complex, requiring multiple-step processes.
Some of the most remarkable patterning results have come by regulating strain in the growth surface. For example, Madhukar et al [16] showed strong vertical ordering of QDs resulting from buried QDs acting as subsurface stressors, which modulate growth surface strain thereby biasing adatom diffusion and subsequent QD nucleation. It has been shown that this vertical self-organized process improves both lateral alignment and increases size uniformity [17] . Therefore, fabrication methods that can regulate surface strain are highly desirable.
The use of scanning probe microscopy (SPM) tips to regulate surface strain is a very promising method to enable directed self-assembly of QDs. Contact of a probe tip with a surface creates highly localized stress and strain underneath the tip, thus it can potentially be used to create nanoscale surface strain patterns. Previous studies have demonstrated the use of atomic force microscopy (AFM) cantilever probes to selectively nucleate InAs nanostructures on GaAs and InP [18, 19] . AFM was used to make hole or pit features, and QDs were grown directly on the holes and observed to nucleate on the edges and inside of the holes. Surface feature effects including geometry and atomic step formation were alluded to as the primary mechanisms for site-selective nucleation. While these studies demonstrate that assembly of QDs can be guided by nanomechanical patterning, the nanoscale deformation mechanisms (i.e. dislocations, phase transformation, fracture, etc) and their effects on nanostructure nucleation deserve much greater attention. This is because such mechanisms, in particular elastic strain from dislocations, have been exploited to achieve highly aligned self-assembly of Ge dots on Si and InAs dots on GaAs [20] [21] [22] . We hypothesize that probe tips can be used to modulate the epitaxial growth surface strain with nanoscale resolution by the nucleation and propagation of dislocations resulting in precise patterning of QDs and other multidimensional (1D, 2D) quantum structures. In particular, the ability to regulate the growth surface strain with adequate control over feature dimensions and spatial resolution using highly parallel probe tips in a nanostamping modality may be extremely promising as a low cost, low complexity, and low volume QD nanofabrication process (see figure 1) .
In this paper, we have systematically addressed the above hypothesis by investigating the ability to nanomechanically stamp and better understand nanoscale deformation for nanoprecision dislocation patterning and subsequent strain-driven directed self-assembly of InAs QDs on GaAs(100). We show that careful consideration of probe tip geometry and use of a transducer-based nanoindentation platform, allows for greater control of the applied surface stress/strain and surface feature parameters over that of cantilever-based approaches-allowing for precise tuning of patterning properties. Characterization of probe-induced nanomechanical deformation by transmission electron microscopy (TEM) is critical for successful growth and patterning of single-crystalline structures. However, siteselective TEM preparation of nanometer features is extremely challenging, as the feature must be located, imaged, sectioned down to <500 nm thin and manipulated delicately to minimize feature damage. These challenges were overcome and crosssectional TEM (XTEM) elucidates the deformation mechanisms including defect type, orientation, and density in sub-200 nm features on GaAs(100). Additionally, the effects of high temperatures, encountered during epitaxial growth, on deformation are studied by in situ TEM annealing experiments. Lastly, the probe-induced surface and subsurface deformation are correlated to the directed self-assembly of InAs QDs. We have sought to deconvolute the strain-mediated effects from surface feature effects on the QD assembly by depositing a buffer layer over the stamped patterns thereby suppressing surface feature effects. The strain state of the patterns is characterized by micro-Raman spectroscopy. In addition, it is anticipated that the buffer layer may act as a dislocation-blocking mechanism to prevent dislocations from threading to the QD growth surface. The effects of stamped feature size, spacing, and strain on QD morphology, size, and spatial distribution are characterized by AFM.
Experiment
A TriboIndenter ® (Hysitron Inc.) nanoindentation system was utilized for ultralow load nanomechanical stamping. Nanostamping was performed at room temperature in a class 10 000 clean environment. Features were produced in the loadcontrolled mode of the instrument ranging from 5 to 400 μN. All stamping was performed with (i) a 5 s loading period, (ii) followed by a 2 s hold at the peak load, and (iii) a 5 s unloading period. Patterns were made on epitaxial GaAs(100), which was prepared by growing a 500 nm buffer layer of GaAs by MBE on an epi-ready Si-doped GaAs(100) wafer. The buffer layer was grown at 580
• C with a growth rate of ∼0.69 monolayer (ML) s −1 .
Probe tip selection and assessment of ultimate feature resolution
Stamped features were produced on the GaAs(100) sample with the following probe tips: Berkovich diamond (tip radius ∼150-200 nm), 90
• NorthStar ® cube corner diamond (tip radius ∼53 nm), and 60
• conical diamond (tip radius < 1 μm). Microscale (∼2-3 μm) marker indentations of 8000 μN were used to aid in locating the array patterns. Features were produced at loads from 5 to 400 μN and analyzed by AFM.
Cross-sectional transmission electron microscopy and in situ annealing
For TEM analysis, groups of twenty features were made in a linear fashion at loads of 50, 100, 200, and 400 μN with a spacing of 1000 nm (a distance of at least ten times the feature width apart to minimize strain interaction among features).
Cross-sectional transmission electron microscopy (XTEM) samples were prepared by the in situ 'lift-out' technique [23] using a FEI Strata 235 DualBeam focused ion beam (FIB)/scanning electron microscope (SEM) system. A Gatan 652 double tilt TEM heating holder was used for in situ annealing of the sample. The TEM used in this study was a JEOL-JEM 3010 operated at an accelerating voltage of 300 keV. TEM imaging and real-time observation of thermally induced behavior was observed and recorded using a charge-coupled video camera inserted in the final image plane of the TEM. Each sample was annealed with temperature being ramped from 24 to 450
• C at a constant rate of 2 • C s −1 and held at 500
• C for 2 min and then allowed to cool to room temperature over a period of 30 min.
Molecular beam epitaxy of QDs on patterned templates
Two-dimensional stamped array patterns of up to 10 by 10 were made on GaAs(100) at 50, 100, 200, and 400 μN with spacing between features made at 1000, 500, and 250 nm. Once the patterns were made, the sample was transferred to the MBE chamber for QD growth. The time between pattern generation and transfer to the MBE chamber was more than 2 h. Furthermore, no chemical treatment of the patterned surface was performed. The MBE growth started with oxide desorption at 580
• C under an As flux. After the oxide layer was desorbed, a high temperature 'cleaning' step was done at 620
• C for 10 min. Next, characterization of the starting surface by reflection high energy electron diffraction (RHEED) was performed and the sample temperature was lowered to the growth temperature of ∼520
• C. A 28 nm GaAs buffer layer is grown on top of the stamped pattern before InAs deposition. After the buffer layer was deposited, 2 MLs of InAs were deposited at a growth rate of 0.08 ML s −1 with shutter interruption times of 2 s open and 2 s closed. Next, a 40 s annealing step was performed to facilitate diffusion and stabilization of the QDs on the patterns. Structural characterization including QD size, shape, and spatial ordering was performed using ex situ AFM. Raman spectroscopy measurements were taken with a microRaman system using a spot size of 2 × 2 μm 2 and a 632.81 nm HeNe laser at room temperature.
Results and discussion

Probe tip selection, surface deformation, and ultimate feature resolution
Three commonly used probe tip shapes were considered for nanopatterning: the cube corner, Berkovich, and conical. The cube corner and Berkovich are both 3-faceted pyramidal tips, although the total angle of the cube corner is 90
• and the Berkovich is 142.3
• . The conical tip is in the shape of a cone with a total tip angle of 60
• . The radius of the conical tip is large (∼1 μm) compared to the Berkovich (150-200 nm) and cube corner (<40 nm) tips. Each tip geometry will create a different applied average stress and strain gradient on the contacting surface, thus allowing for the tailoring of the strain field on the epitaxial growth surface.
Applied stress is an important consideration in the nanostamping process, because the stress must be greater than the Peierls or critical stress for plastic deformation to be produced. Leipner calculates that the critical stress for dislocation nucleation in GaAs is ∼6 GPa [24] . In order to calculate the minimum load required to produce plastic deformation and hence the minimum feature resolution, a simple calculation of the applied stress based on Hertzian contact theory is used assuming ideal tip geometry is utilized [25] . Although Hertzian contact theory is theoretically only for elastic deformation, experimental studies have shown it to compare well for plastic deformation of GaAs at low loads [26] . Utilizing this calculation, the applied stress as a function of load is plotted in figure 2 and the lowest load required to induce incipient plastic deformation, the transition load of the feature geometry from spherical to the tip shape, and the smallest feature width and depth for each tip are calculated in table 1. From the three curves in figure 2 , the highest applied stress (>10 GPa) is produced by the cube corner tip, followed by the Berkovich tip. The maximum (∼3 GPa) of the conical tip is not sufficient to induce plastic deformation at low loads.
From table 1, the lowest load to produce plastic deformation was estimated to be ∼8 μN using a cube corner tip. However, it was found experimentally that deformation could be produced at even lower loads. The smallest load studied (5 μN) produced a spherical impression (2 nm deep by 55 nm wide) with the cube corner tip (see figure 3(a) ), although a rough damaged area was present with the Berkovich tip at 5 μN. The spherical impression is reflective of the nonideal geometry at the apex of the tip at such shallow feature depths (<4 nm). Spherical impressions are observed up to 25 μN, above this value the surface impression transitions to a 3-faceted triangular morphology that is consistent with the pyramidal tip geometry (see figure 3(b) ). The Berkovich tip produces 3-faceted triangular features at loads greater than 50 μN. Also, since the features were imaged by ex situ AFM the measured depths represent residual impressions that comprise plastic recovery effects [26] . Plots of the maximum stamped depth and width as a function of applied load and tip geometry are shown in figure 4 . It is evident from these plots that sub-100 nm width features can be produced at loads <100 μN. Note that the conical tip does not produce plastic deformation in the load range used here, but rather a raised damaged area is observed in the surface, which is possibly due to adhesion effects between the GaAs oxide layer and tip.
QDs are on the order of ∼10-100 nm in width. Based on the above analysis, it is hypothesized that the cube corner tip will produce the optimum feature size and shape for QD growth. This is because of the ability to produce the smallest feature with a distinct (3-faceted) geometry and minimization of deformation using ultralow loads (<100 μN).
The above results indicate that by carefully controlling the applied load and choosing the appropriate tip geometry it is possible to tune the applied stress and regulate patterned feature parameters. Use of a nanoindenter platform provides greater control of feature geometry, depth, width, and subsequent strain field over that of an oscillating AFM tip which scratches or impinges the surface to create hole features in GaAs. Furthermore, it is impossible to produce symmetrical features using a cantilever probe since it cannot make normal contact with the surface. The nanoindenter, which is equipped with a capacitive transducer (for load and displacement control in the z-axis) coupled with a piezopositioner (for nanoprecision actuation in the x-and y-axis), allows the amount of load, rate of loading and displacement, and loading resolution to be carefully controlled and accurately measured down to the nanonewton and sub-nanometer scales.
XTEM analysis
From the surface deformation studies and selection of the cube corner probe tip, subsurface deformation was characterized as a function of load. Figure 5 shows a bright-field XTEM image of three 400 μN stamped features at a spacing of 1 μm on the GaAs(100) surface.
Higher magnification images of 200 and 100 μN stamped features are shown in figure 6 .
We have previously shown by cross-sectional transmission electron microscopy that nanoindentation of GaAs at low loads is a single-phase dislocation-mediated deformation process and that the anisotropic indent strain field can be regulated by the volume of deformation [27] . Briefly, in figure 6 the surface impression is not visible due to the protective overlayer of platinum deposited as a routine aspect of in situ FIB lift-out sample preparation. In figure 6 (a), a hemispherical plastic zone populated by a large number of dislocations can be seen beneath the stamped feature. Protruding from the hemispherical plastic zone are rosette arms about equal in length and extending ∼150 nm into the sample. Within these arms individual dislocation loops can be observed. The loops are perfect in nature and slipping along the (111) planes in the [110] direction. However, unlike previous TEM characterization of GaAs(100) low load indents [28] , no stacking faults are observed in the rosette arms, presumably due to the fact that the loads and depths in our experiment were significantly lower. Twinning deformation [29] and subsurface fracture [30] due to dislocation pile-up have been observed in GaAs with loads of 50 mN. However, no twinning, fracture, or phase transformation is evident in the present images. This was further substantiated by selected area (zone axis) diffraction patterns of the feature.
The plastic zone radius and rosette arm length measured from the TEM images are plotted in figure 7 and compared with the AFM surface measurements.
It is observed that the plastic zone size increases linearly with increasing load. The plastic zone radius roughly follows the equation:
where P is the applied load. Comparison of the plastic zone size with the residual surface impressions indicate that the plastic zone extends approximately 7-8 times the stamped feature depth and 1.5 times the width. This observation is consistent with the localized high pressure distribution underneath the sharp probe tip. Furthermore, it is noted that the number of dislocation loops formed during stamping can be estimated as a function of applied load based upon the energy needed to form a single dislocation loop and the work performed by the tip during stamping [31] . It is clear from such an analysis that lower loads produce less dislocation loops thus lower loads may be preferable for QD patterning. The lower number of loops would result in a lower complexity dislocation structure, which may provide a more coherent strain field and hence higher ordered dot formation. By applying different loading conditions, the plastic deformation size, dislocation density, and hence subsequent strain field can be regulated. While the above results elucidate the room temperature deformation mechanisms, it is not evident how higher temperatures (>300
• C), as encountered during epitaxial growth, will affect deformation and/or alter the surface strain state. It is highly probable that the nanostamped features could be completely healed rendering the templating process ineffective. Thus, real-time TEM characterization of the stamped features during annealing was performed.
In situ TEM annealing
Snapshots of a video captured at various temperatures during annealing of 100 μN stamped features are shown in figure 8 . The images give a collective view of the changes in the dislocation behavior as a function of temperature and time.
It is observed that as the sample is heated from 150 to 450
• C the arrangement of the dislocation structure is modified. Up to 350
• C, a single dislocation loop is observed protruding from the dense hemispherical plastic zone. At 400
• C, this loop is no longer visible and a reduction in plastic zone size is observed-indicative of dislocation reduction. At 500
• C, the plastic zone has decreased in size by about 30%.
These findings indicate that the stamp-induced dislocations do not completely heal themselves and disappear. The strain state of the feature, even for the smallest feature, continues to be intact even after exposure to high temperatures. The intact strain state is favorable for subsequent strain-assisted QD nucleation. Also, the resulting lower dislocation density may be favorable as it provides a less complex dislocation formation, which may give a more localized and coherent strain field. While some of this dislocation reduction occurs as dislocations glide to the nearby free surface sinks of the TEM sample and is thus artificial, the extent of the dislocation reduction suggests that even in a fully constrained sample some healing of the deformation fields at elevated temperatures would be expected. Details of the subsequent QD growth and self-assembly are discussed in the next section.
Self-assembly on nanostamped templates
A schematic of the InAs QD growth process is shown in figure 9 (a). A 28 nm buffer layer is deposited over the stamped template followed by 2 ML InAs deposition. Figure 9 (b) shows QD growth on an unpatterned region. Unordered QDs are observed on the surface. The dots are lens-shaped in morphology and elongated along the z-axis (vertical), which is characteristic of InAs Stranski-Krastanov dots [32] . The average height and diameter of the QDs were 5.29 (STD 1.30 nm) and 42.33 nm (STD 16.92 nm), respectively. The QD coverage density was 132.52 μm −2 . A typical stamped template array is shown in figure 10(a) . Figure 10 (b) shows an image of the patterned growth on a stamped array with an applied load of 400 μN and 1000 nm spacing. Large (height ∼ 50 nm) coalesced dots were observed to nucleate following the underlying stamped template array pattern. Smaller dots neighbor each site as shown in figure 11(a) .
Note the large difference in size between the patterned (∼50 nm) and unpatterned (∼5 nm) dots (see figure 11(b) ). Clearly, the underlying stamped pattern acts to bias nucleation of the structures; surface adatoms strongly diffuse to the low strain energy (low mismatch) surface sites resulting in high material accumulation and dot coalescence. Although the large size of these structures are likely not to provide quantum confinement, we anticipate that by reducing the monolayer thickness below the critical thickness of 1.5 ML, the dot size can be made much smaller and site selectivity enhanced with nucleation occurring only on the patterned regions. This is because the stamped feature strain lowers the lattice mismatch, which will result in a thermodynamically more favorable nucleation site than the unpatterned region. Hence, nucleation will first occur on the pattern and be suppressed in surrounding unpatterned regions.
Biased self-assembly of dot structures occurred on all of the stamped template loading conditions studied. A plot of the structure size as a function of stamped feature load is shown in figure 12 .
It is observed that, in general, the dot size decreases with decreasing load. This behavior is consistent with the decreasing strain state of the pattern as the dislocation density and size of the stamped feature is decreased. Thus these results indicate that it may be possible to pattern QDs of controlled sizes on the same surface. This is significant since the size of a QD determines its electronic energy states and optical emission properties-one can envision a hybrid QD array with different sized QDs allowing for multiple-spectrum photoemission for such applications as multiband photodetectors and ultrahigh resolution color displays [33] . The biased nucleation of the dots above the stamped template is believed to be a strain-mediated mechanism resulting from the strain state of the buried stamp feature. The biased nucleation is not due to atomic steps as the deposited buffer layer smooths the stamped template surface. It has been previously shown that QD nucleation can be moderated by surface strain; in particular surface strain resulting from buried dislocation networks has been shown to provide highly selective QD patterning [20] [21] [22] . Growth surface tensile strain induced by indentations acts to lower the lattice mismatch during heteroepitaxial growth thereby increasing diffusion of adatoms to these sites resulting in biased QD nucleation. We have shown by cross-sectional TEM that nanoindentation of GaAs at low loads is a single-phase dislocation-mediated deformation process and that the anisotropic indent strain field can be regulated by the volume of deformation [27] . Thus strain from dislocations at the stamped sites acts to bias the diffusion of adatoms resulting in site-specific dot nucleation. Strain effects are further substantiated by observation of the larger average height and diameter of the dots on the patterned regions (∼50 nm height and 300 nm wide) in contrast to the unpatterned regions (∼5 nm height and 42 nm wide). Such behavior is indicative of increased diffusion and accumulation of more material on the patterned surface. To verify the strain effects on dot assembly, micro-Raman spectroscopy was performed on the patterns.
Micro-Raman results
Dot structures grown on nanostamped patterns were studied at room temperature using micro-Raman with an excitation wavelength of 632.8 nm and laser spot size of 2 μm × 2 μm. The Raman Spectroscopy (RS) measurements were done on two sets of patterned samples, one with fixed feature spacing (500 nm) and the other with fixed load (200 μN). Peaks were observed from 200 to 320 cm −1 and are shown in figure 13 . Following the method of reference [34] , the peak at 221.2 cm −1 was identified as an interface mode for an ellipsoidal InAs dot with quantum number values of l = 1, m = 0.
RS measurements were performed off and on the patterns. The peak observed at 262 cm −1 off of the pattern is in good agreement with reported capped InAs/GaAs QD modes [35] . The intensity of the 269 cm −1 peak on the pattern increases with increasing load (larger dots) and decreasing pattern spacing (larger dot density). Figure 13 shows that the larger the mass associated with the scattering centers (QDs), the stronger the scattering intensity observed, therefore the 269 cm −1 is attributed to the nanostamped dot structures. Using the observed shift of 7 cm −1 , we determined the additional strain on the patterned region. Treating the QD as a superposition of strained layers and using the Hamiltonian for semiconductors with strain taken into account [36] , yields the following phonon frequency shift:
where γ is the Grüneisen parameter, p and q are deformation potentials, ω LO is the unperturbed frequency and ε H and ε B (a) (b) Figure 13 . Scattering intensity versus wavenumber as function of pattern (a) spacing and (b) applied load.
are the hydrostatic and biaxial strain within the dot. In order to estimate the strain promoting the formation of dot structures on the nanostamped region, we have considered pyramidal shape QDs. From [37] we note that the hydrostatic strain does not vary within a pyramidal capped QD, therefore we focus on the change in the biaxial strain. Inserting our observed shift of 7 cm −1 and parameters p, q, γ and ω LO for InAs from [38] in the expression of the LO phonon shift, we obtain the following relationship between the biaxial strain of the base of the QD on the patterned region:
Therefore we note that the biaxial strain within the patterned regions is approximately four times larger than that of a capped dot uninfluenced by stamping. This additional strain explains the preferential growth of dots within the patterned regions.
Discussion of potential for nanostamping as a nanomanufacturing process
The use of probe tips to mechanically modify and engineer epitaxial surfaces is potentially an effective, low cost, and robust method to achieve nanoprecision QD patterning. Patterning via probes can allow for both vertical and lateral ordering of QDs. Theoretical modeling is cited that suggests lateral ordering will lead to improved size uniformity and possibly long range correlation in the electronic structure of dots [17] . Furthermore, the minimum spatial resolution of patterning can potentially be controlled down to less than a nanometer using piezoscanners. The potential scalability of probe tips using highly parallel arrays would allow for the development of a relatively low complexity nanomanufacturing process. There are current technologies that utilize thousands of arrayed cantilever probe tips to pattern [39, 40] , thus a similar multiprobe-tip platform could be used in a nanostamping fashion (see figure 1) for the production of dense large-scale patterned nanostructures for rapid prototyping of devices or other low quantity special purpose applications.
Conclusion
In summary, patterned templates were fabricated by nanomechanical stamping and used to controllably modulate the epitaxial growth surface strain resulting in the directed assembly of dot arrays that follow the underlying template pattern. It was shown that nanostamped feature geometry, size, and position can be controlled with nanometer resolution by careful selection of probe tip geometry and use of a nanoindentation platform. The size of patterned dots was observed to depend on the stamped feature size. This finding opens up the possibility of directly patterning quantum structures of different sizes on the same surface for applications such as multicolor surface emitters and displays. Although the patterned dots were large, we anticipate that the dot sizes can be reduced to enable quantum confinement by optimization of the monolayer thickness and growth conditions. Additionally, the strain state of the pattern was characterized by micro-Raman spectroscopy and shown to be significantly greater on the patterns thereby indicating the influence of strain to direct self-assembly. The authors are in the process of characterizing the optical quality of these patterned dots. If it is found that dislocations migrate into the dots, then dislocation-blocking mechanisms will need to be investigated. Also, we plan to investigate the use of nanostamped templates to bias the vertical growth of dots to form highly uniform quantum dot superlattices for multiband detector applications. We conclude that further control of feature size, repeatability studies, scaling up of the process, and study of nanostamping variability on directed assembly may provide a highly effective method for the precision patterning and uniform nanomanufacture of quantum dots.
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